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I. Summary of  A c t i v i t i e s  

The major e f f o r t  during t h i s  work per iod involved 

extending t h e  i n i t i a l  survey of t he  p i ezo -e l ec t r i c ,  

a c o u s t i c a l ,  and hot wire p a r t i c l e  s e n s o r s  descr ibed  In our  last 

s t a t u s  r e p o r t .  

Our purpose was t o  m a k e  p re l iminary  comparison of these 

techniques t o  determine which of t h e  three sensors  appeared 

t o  be best s u i t e d  f o r  automatic monitoring of aerosols i n  the 

1 t o  3 0 ~  s i z e  range. 

A. Piezo-Electr ic  Particle Sensor 

A method commonly employed f o r  the d e t e c t i o n  and s i z e  

measurement of micrometeoroids u t i l i z e s  a p i e z o - e l e c t r l c  cry- 

s t a l  sens ing  element. The hypervelocity impact of’. t h e  p a r t i c l e  

on the  c r y s t a l  element genera tes  a vol tage  t r a n s i e n t  whose 

magnitude i s  a funct ion of t h e  momentum t r a n s f e r r e d  t o  t h e  

crystal .  Although the  p r e c i s e  mechanism Involved i n  t h i s  

t ransformation i s  not f u l l y  understood, t he  d e t e c t o r  is  

c e r t a i n l y  u s e f u l  i n  d e t e c t i n g  p a r t i c l e  numbers ( o r  impacts) 

and w i t h  l abora tory  c a l i b r a t i o n  it has been possible t o  

relate the r e s u l t i n g  p u l s e  s i z e s  t o  micrometeoroid diameters (1) 

U t i l i z a t i o n  of p a r t i c l e  momentum f o r  s i z e  measurement 
has a l s o  been attempted i n  an apparatus  descr ibed by Katz ( 2 )  . 
Since t h i s  u n i t  was t o  be  used f o r  measurement of ra indrop  

s i z e ,  t he  p a r t i c l e  s izes  t o  be observed were n e c e s s a r i l y  
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( 3 )  q u i t e  large. According t o  Mason , however, c e r t a i n  

ope ra t iona l  problems have been noted w i t h  t h i s  instrument .  

I n  eva lua t ing  t h e  a p p l i c a t i o n  of t he  p i ezo -e l ec t r i c  

c rys ta l  d e t e c t o r  t o  the  measurement of  p a r t i c l e  s i z e  

d i s t r i b u t i o n s  f o r  p a r t i c l e  s i z e s  below 30 microns,  it i s  

necessary t o  cons ider  f i r s t  the  momentum th resho ld  of 

a v a i l a b l e  sensors  which then  permits c a l c u l a t i o n  of the  

minimum p a r t i c l e  s e n s i t i v i t y .  

The t r a n s f e r  of momentum of an incoming p a r t i c l e  ( P i )  

t o  a ta rge t  (P,> can be descr ibed by t h e  expression:  

px = KpPi . . . a (1) 

where K I s  t h e  momentum t r a n s f e r  parameter of P 
p r o p o r t i o n a l i t y .  

equal  t o  one; f o r  p e r f e c t l y  e l a s t i c  c o l l i s i o n s ,  K equals  

two). 

(If the c o l l i s i o n  i s  I n e l a s t i c ,  Kp i s  

P 

The momentum o f  a p a r t i c l e  can be given as the product 

of' I t s  mass times i ts  v e l o c i t y ,  1.e. 

Pi = mv 

so that  P, = K mv P 

With s p h e r i c a l  p a r t i c l e s  o f  dens i ty ,  p 

P, = Kp 

. . . . ( 2 )  

( 3 )  

. . a (4) 
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Expression ( 4 )  i n d i c a t e s  t ha t  f o r  a given p a r t i c l e  

v e l o c i t y  the  momentum demered t o  t h e  c r y s t a l  d e t e c t o r  v a r i e s  

as t h e  cube of  t h e  p a r t i c l e  diameter. The r e s o l u t i o n  of 

p a r t i c l e  s i z e s  should,  t h e r e f o r e ,  be  f a i r l y  sharp. 

The momentum threshold  o r  s e n s i t i v i t y  of a t y p i c a l  

microphone d e t e c t o r ,  e.@;. for t h e  Explorer I satellite, 

i s  i n  t h e  o rde r  of dyne-sec ( 4 )  . According t o  Rogallo 

and Neuman") i t  i s  poss ib l e  t o  extend t h i s  s e n s i t i v i t y  t o  

about dyne-sec. This l e v e l  appears t o  be an u l t ima te  

s e n s i t i v i t y  s ince  at t h i s  po in t  any e x t e r n a l  v i b r a t i o n  w i l l  

r e s u l t  i n  a background s i g n a l  from t h e  d e t e c t o r  u n i t .  A t  

low p a r t i c l e  momenta, t h e  impacting s i g n a l  i s  completely 

lost due t o  the unfavorable s i g n a l  t o  noise  r a t i o .  

Writing equat ion ( 4 )  as 

. . . . (5) 

y i e l d s  an expression f o r  t h e  p a r t i c l e  diameter 

as a func t ion  of the o the r  parameters.  

A t  f a i r l y  high v e l o c i t i e s ,  it i s  necessary t o  assume 

t h a t  most p a r t i c l e s  w i l l  adhere t o  a su r face  upon impact. 

Thus a value of  one must be used f o r  K t h e  momentum 

t r a n s f e r  parameter.  Using t h i s  value and t h e  minimum value 
P'  

f o r  Px of lo-* dyne-sec given by Rogallo and Neuman (1) , 
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t h e  d e t e c t a b l e  p a r t i c l e  s i z e  becomes: 

-1/3 d = 267(v p )  . . . . (6) 
Table  I l ists  t h e  minimum s i z e  of  a u n i t  d e n s i t y  p a r t i c l e  

d e t e c t a b l e  f o r  var ious  impact v e l o c i t i e s  c a l c u l a t e d  from 

equat ion  ( 6 ) .  

As can be  seen from Table I ,  v e l o c i t i e s  of about 

1000 cm/sec (1960 ft /min) would al low p a r t i c l e  r e s o l u t i o n  

down t o  about 25 microns. To d e t e c t  a 1011 p a r t i c l e ,  a 

v e l o c i t y  of an o r d e r  of magnitude greater would be 

requi red .  Inc reas ing  t h e  impaction v e l o c i t y  i n c r e a s e s  

t h e  s i z e  range of p a r t i c l e s  which would s t i c k  t o  t h e  

target. 

target i s  a func t ion  o f  target we!_ght, a c a l i b r a t i o n  d r i f t  

r e s u l t i n g  from pa r t i c l e  c o l l e c t i o n  on t h e  c rys t a l  would be 

expected. Since some of these p a r t i c l e s  could not  be 

measured by t h e  d e t e c t o r ,  i t  would be impossible  t o  compen- 

sate f o r  t h i s  d r i f t .  

S ince  t h e  momentum t r a n s f e r r e d  from p a r t i c l e  t o  

Therefore ,  based on ou r  a n a l y s i s  w e  considered that  a 

p i e z o - e l e c t r i c  c r y s t a l  d e t e c t o r  w i t h  a s e n s i t i v i t y  of 

approximately lo'* dyne-sec would not be  usefuz f o r  

measurement of p a r t i c l e s  below 30 microns. Because t h e  

value of dyne-sec seems t o  r ep resen t  t h e  best  
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TABLE I 

M I N I M U M  PARTICLE SIZE DETECTABLE WITii PIEZO-ELECTRIC 

CRYSTAL SYSTEM O F  lo-!’ DYNE-SEC SENSITIVITY 

(Unit Density P a r t i c l e s )  

MINIMUM SIZE 
IMPACT VELOCITY (crn/sec) DETECTABLE, MICRONS 

l o o  
lo1 

l o 2  
103 

l o 4  
105 

267 

124 

57.2 

26.7 

12.4 

5.7 

(1 cm/sec = 1 . 9 6  f t /min )  
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minimum s e n s i t i v i t y  a t t a i n a b l e ,  f u r t h e r  work on t h i s  t y p e  

of device f o r  respirable p a r t i c l e  d e t e c t i o n  i n  a space 

cabin atmosphere does not seem f r u i t f u l  at  the present  t i m e .  

B. Acoustical  P a r t i c l e  Counter 

A design descr ibed by Langer(5)was used i n  our  i n v e s t i -  

ga t ion  of  a c o u s t i c a l  p a r t i c l e  d e t e c t o r s .  

appl ied t h i s  u n i t  i n  counting t h e  concent ra t ion  of i c e  

c r y s t a l  p a r t i c l e s  w i t h  a r e s o l u t i o n  of  5 ~ .  

func t iona l  r e l a t i o n s h i p  between s i g n a l  s i z e  and p a r t i c l e  

diameter over  a p a r t i c l e  s i z e  range from 5 t o  50011 was 

demonstrated,  Langer d id  suggest s i z e  d iscr imina t ion  could 

Langer had 

Although no 

be achieved by proper  acous t ic  design of h i s  sensor. 

Figure l a  shows t h e  design c h a r a c t e r i s t i c s  of the  

p a r t i c l e  counting element and Figure  lb a schematic diagram 

of t h e  experimental  apparatus  w e  used t o  eva lua te  t h i s  

device.  P a r t i c l e s  c a r r i e d  through t h e  d e t e c t o r  were r e t a i n e d  

on a f i l t e r  downstream o f  t h e  sensing element. The a c o u s t i c a l  

s i g n a l  tha t  was generated when a p a r t i c l e  passed through 

t h e  sens ing  element was de tec t ed  w i t h  a General Radio Type 

1560-P40 ceramic microphone. The microphone output  s i g n a l  

was amplified by a General Radio 1560-P4 preamplifier and 

appl ied  t o  t h e  input  of a General Radio 1558A Octave Band 

Analyzer. The bank pass f i l t e r  on t h e  Octave Band Analyzer 
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was used t o  pass selected s i g n a l s  i n  t he  2400-4800 Hz 

range f o r  d i sp l ay  on an o s c i l l l s c o p e .  The purpose of  t h e  

band pass  analyzer ,  which was not  used by Langer, was t o  

reduce i n c i d e n t a l  noise  reaching t h e  scope. 

we found t h a t  t h e  u n i t  would not  only respond t o  p a r t i c l e s  

but a l s o  t o  background labora tory  noise .  

I n  our i n i t i a l  tes ts ,  Orchard g r a s s  po l l en  (Dacty l l s  

For example, 

glomerata) (3lv), was used as t h e  t es t  ae roso l .  Each 

p a r t i c l e  passing through the d e t e c t o r  triggered a pu l se  

on t h e  o s c i l l i s c o p e  and a t y p i c a l  pu lse  wi th  a height  

exceeding 2 v o l t s  was generated.  Each pulse  cons is ted  of 

two major o x c i l l a t i o n s  followed by a r ing ing  which was 

gradual ly  damped out .  The per iod  of  these o s c i l l a t i o n s  

was about 0.3 mill isecond.  T o t a l  res idence  t i m e  of t h e  

p a r t i c l e  i n  t he  c a p i l l a r y  s e c t i o n  of t h i s  d e t e c t o r  a t  a 

flow of 6 lprn was about 1 mi l l i second.  

t h e  p u l s e s  produced were similar t o  those  descr ibed by 

Langer . 

These values  and 

( 5 )  

I n  o r d e r  t o  e f f e c t  a c a l i b r a t i o n  of t h e  d e t e c t o r ,  i t  

was necessary t o  u t i l i z e  some system f o r  r ap id  counting 

of t h e  produced pulses .  To accomplish t h i s ,  t h e  output  from 

t h e  ana lyzer  was i n s e r t e d  d i r e c t l y  I n t o  a Balrd Atomic 1 3 1 A  

Glow Tube Sca le r .  

l e v e l ,  a series of runs were made a t  var ious d i sc r imina to r  

s e t t i n g s -  

f u n c t i o n  of d i sc r imina to r  settings. 

To determine optimum vol tage  d i sc r imina to r  

Figure 2 shows a p l o t  of counting l e v e l  as a 
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T h i s  curve i n d i c a t e s  t ha t  there i s  no sharp discr imina-  

t i o n  cut-off l e v e l  f o r  the  f irst  two pulses .  From the  

pulse  p a t t e r n  one would expect a sharp cut-off at  about 

2 v o l t s .  Therefore,  it was t e n t a t i v e l y  concluded that  

t h e  height of these i n i t i a l  pu l se s  v a r i e s ,  even f o r  

p a r t i c l e s  of the  same s i z e .  

To i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  a series of runs were 

made i n  which, by c a r e f u l l y  c o l l e c t i n g  it  af ter  each pass, 

t he  same p a r t i c l e  was passed through the d e t e c t o r  s e v e r a l  

times. To f a c i l i t a t e  t h i s  c o l l e c t i o n ,  glass and p l a s t i c  

spheres of 500, 600, and 700 micron diameter were used t o  

d i s c r e t e l y  a c t u a t e  t h e  sensor .  Sample data f o r  a 7 0 0 ~  

g l a s s  bead pass ing  through t h e  sensing element i s  shown 

i n  Table  11. 

These data i n d i c a t e  that  t h e  s i g n a l  amplitude of the  

i n i t i a l  pu l se s  may vary by more than  100% f o r  a s i n g l e  

p a r t i c l e ,  a problem which p resen t s  a major impediment t o  

t h e  use of t h i s  sys tem f o r  p a r t i c l e  s i z i n g .  It i s  i n t e r e s t -  

i n g  t o  note  that  t h e r e  was no change i n  the  frequency of 

t h i s  s i g n a l  when s i n g l e  p a r t i c l e s  i n  t h e  s i z e  range 100 

t o  700 microns were passed through t h e  d e t e c t o r  t h u s  

r u l i n g  out frequency s h i f t s  as a method of  par t ic le  s i z e  

a n a l y s i s .  We be l i eve  the  d i f f e rences  i n  amplitude which we 
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TABLE I1 

VARIATION I N  PULSE AMPLITUDE FOR A 

SINGLE 7 0 0 ~  DIAMETER PARTICLE 

RUN NO. PULSE AMPLITUDE, VOLTS 

1 0.91 

2 1.19 

4 1.19 

3 0.63 

3 0.79 

6 0.63 
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observed f o r  t h e  same p a r t i c l e  are due t o  f l o w  changes 

introduced by v a r i a t i o n s  i n  t h e  pa r t i c l e ' s  pa th  of t r a v e l  

through the  sensor .  

Although our  brief review i n d i c a t e s  many major 

problems i n  the app l i ca t ion  of these techniques t o  r o u t i n e  

ae roso l  counting, w e  be l i eve  f u r t h e r  work i s  j u s t i f i e d .  In 

our opinion,  t h e  next development step f o r  t h i s  d e t e c t o r  

should be ex tens ive  t h e o r e t i c a l  work t o  exp la in  p r e c i s e l y  

the  phenomena which are observed, I n  t h i s  manner i n s i g h t  

i n t o  techniques f o r  op t imiza t ion  of design may become more 

apparent.  

i s  aud ib le ,  a r e l a t i v e l y  simple method i s  a v a i l a b l e  for  

a d i r e c t  reading  p a r t i c l e  counter.  High g a i n  ampl i f i ca t ion  

of t h e  s i g n a l  would not be requi red .  

p o s s i b i l i t y  f o r  s o p h i s t i c a t e d  t reatment  of  the s i g n a l  as 

Since the  s i g n a l  produced from t h i s  technique 

There a l s o  e x i s t s  a 

a method f o r  determining p a r t i c l e  s i z e ,  

C .  Heated Wire Anemometer P a r t i c l e  Detector  

The f i n a l  method chosen f o r  prel iminary i n v e s t i g a t i o n  

was t h e  hot wire anemometer method most r e c e n t l y  described 

by Goldschrnidt(6). 

constant  temperature ( 3 O O O C )  hot  w i r e  anemometer probe 

(7), p a r t i c l e s  Impacting on t h e  probe produce a cu r ren t  

per tuba t ion  which I s  demonstrated as a vol tage  pulse.  

With t h i s  technique, which u t i l i z e s  a 
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The siee of t h i s  pu lse  depends on the  phys ica l  state 

of t h e  par t ic le  ( s o l i d  o r  l i q u i d )  as w e l l  as on i t s  s i z e .  

I n  t he  case of a l i q u i d  ae roso l ,  evaporat ion of 8 

d r o p l e t  impacted on t h e  w i r e  causes a cool ing of the wire. 

To maintain a constant  wire temperature,  a d d i t i o n a l  hea t ing  

cu r ren t  must be appl ied .  Goldschmidt has shown that  there 

is  a l i n e a r  r e l a t i o n s h i p  between hea t ing  cu r ren t  (vo l t age  

pu l se  he ight )  and d rop le t  diameter and p resen t s  a d i scuss ion  

of the  theory of opera t ion  of t h e  sensor  f o r  d r o p l e t s .  

Goldschmidt has also suggested t h e  use of t h i s  apparatus  

f o r  counting and s i z i n g  s o l i d  ae roso l  p a r t i c l e s .  With so l id  

particles the vol tage  f l u c t u a t i o n s  are due t o  cool ing  from 

w i r e  v i b r a t i o n  after the impact. 

Our i n t e r e s t  In t h i s  device was due t o  Its a b i l i t y  t o  

d i sc r imina te  between s o l i d  and l i q u i d  par t ic les .  One 

a p p l i c a t i o n  of t h i s  sensor  would be t h e  eva lua t ion  of the  

drying of d r o p l e t s  generated by atomizat ion of a s o l u t i o n .  

To i n v e s t i g a t e  t h e  ope ra t ion  and poss ib l e  a p p l i c a t i o n s  

of t h i s  device,  a DISA 55D05 constant  temperature anemometer 

having a 51 fi lament sensor  (Type 55A22) was used. The 

output  of the  anemometer was shaped and amplif ied I n  a 

RIDL 30-21 Biased A m p l i f i e r  and then  fed t o  both a TMC 1 0 1  

Gammascope and a Bai rd  Atomic 131A Glow Tube Scaler. A 
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tes t  l i q u i d  ae roso l  ( e i t h e r  water o r  e thylene  g l y c o l )  

was produced w i t h  a Pen-I-Sol nebu l i ze r  which according 

t o  Mercer, e t . a l . ,  (8 )  produces an aqueous ae roso l  having 

a mass median diameter of 2.9~. 

Figure 3 shows a cumulative d i s t r i b u t i o n  curve f o r  

three runs using a water ae roso l  c o l l e c t e d  a t  a sampling 

ve loc i ty  of 30 cm/sec (Re = 3 3 2 ) .  The lower numbered 

channels represent  lower vol tages  c o l l e c t e d  and hence 

smaller p a r t i c l e  s i z e s .  Although we have not c a l i b r a t e d  

the multi-channel ana lyzer ,  t h i s  curve demonstrates f a i r l y  

good r e p r o d u c i b i l i t y  I n  t h e  i n d i v i d u a l  channels.  When 

t h e  percent  of pulses c o l l e c t e d  I n  each channel I s  plot ted  

as a funct ion  of channel number, one ob ta ins  t h e  type of ' 

d i s t r i b u t i o n  curve shown i n  Figure 4 f o r  an ethylene 

g lyco l  ae roso l .  The s o l i d  l i n e  curve r ep resen t s  t h e  measured 

s i z e  d i s t r i b u t i o n  at a v e l o c i t y  of 44.5 cm/sec (Re = 380) 

while t h e  d o t t e d  l i n e  r e p r e s e n t s  c o l l e c t i o n  a t  a v e l o c i t y  

of 359 cm/sec (Re = 3080). 

i s  increased ,  the d i s t r i b u t i o n  curve I s  displaced toward 

t h e  lower s i z e s .  This ref'elcts an increased  impaction 

e f f i c i ency  w i t h  increased v e l o c i t y  f o r  these smaller s i z e s .  

I n  both cases  t h e  background count of t h e  d e t e c t o r  was 

n e g l i g i b l e ,  amounting t o  only a f e w  percent  of t h e  t o t a l  

count.  The d i s t r i b u t i o n  curve s h i f t  was a l s o  noted when 

It can be seen t h a t  when v e l o c i t 2  



water was t h e  ae roso l .  

We have a l s o  attempted t o  a p p l y  t h i s  s enso r  t o  

s o l i d  p a r t i c l e s  as suggested by Goldschmidt, but t o  

date w e  have not been able t o  a c t u a t e  t h e  senso r  i n  

t h i s  mode. 

11. Future A c t i v i t i e s  

1. O f  t h e  three p a r t i c l e  sensors  s t u d i e d  dur ing  t h i s  

per iod ,  t h e  hot  w i r e  anemometer appears t o  o f f e r  t h e  most 

promise f o r  f u r t h e r  development, p a r t i c u l a r l y  because of i t s  

a b i l i t y  t o  d i sc r imina te  between s o l i d  and l i q u i d  ae roso l s .  

I f  used i n  connection w i t h  a l i g h t  s c a t t e r i n g  device it could 

g i v e  t h e  r e l a t i v e  propor t ions  of l i q u i d  and d r y  ae roso l s  in an 

atmosphere. I n  add i t ion  t o  a de t a i l ed  s tudy of t h e  accuracy 

of t h e  device as a counter ,  and i t s  a b i l i t y  t o  d i sc r imina te  

par t ic le  s i z e ,  there are a number of  poss ib l e  ope ra t iona l  

l i m i t a t i o n s  which must be inves t iga t ed .  Probably t h e  most 

s i g n i f i c a n t  of  these is t h e  modified performance of t h e  wire 

element due t o  t h e  res idence  o f  s o l i d  pa r t i c l e s  on t h e  wire, 

r e s i d u a l  material r e s u l t i n g  from d rop le t  evaporat ion,  and 

depos i t  S from t h e r m a l l y  degradable materials. 

The performance of t h i s  sensor  w i l l  be s t u d i e d  i n  greater 

de ta i l  dur ing  t h e  next grant  per iod  i n  an a t t e m p t  t o  develop 

an operable  sensor  s u i t a b l e  f o r  space cabin atmospheres. 
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2. Addit ional  a t t e n t i o n  w i l l  be given t h e  u t i l i z a t i o n  

of the multi-channel ana lyzer  f o r  the  d i sp lay  of data 

generated by p a r t i c l e  sensors .  

3 .  Methods of handling t h e  p a r t i c u l a t e  sampled by t h e  

membrane tape s y s t e m  on t h e  Aerosol P a r t i c l e  Analyzer t o  

permit particle i d e n t i f i c a t i o n  and count c o r r e l a t i o n  w i t h  

t h e  l i g h t  s c a t t e r  sensor  w i l l  be i nves t iga t ed .  
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